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Functional Association of Nmi with Stat5
and Stat1 in IL-2- and IFNg-Mediated Signaling
other cytokines and growth factors, including immuno-
logically important cytokines (IL-7, IL-9, and IL-15), he-
matopoietic cytokines (IL-3, IL-5, GM-CSF, thrombo-
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and Warren J. Leonard*
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National Heart, Lung, and Blood Institute poietin, and erythropoietin), and other factors, including
prolactin and growth hormone (Ihle, 1996; Darnell, 1997;National Institutes of Health
10 Center Drive Leonard and O'Shea, 1998). Analyses of Stat5a2/2 and
Stat5b2/2 mice as well as mice lacking both Stat5 pro-Bethesda, Maryland 20892-1674
teins have revealed roles for these proteins in signaling
in response to prolactin and growth hormone (Liu et
al., 1997; Udy et al., 1997; Teglund et al., 1998). OurSummary
understanding of the roles of Stat5a and Stat5b in IL-2
signaling is still evolving. Stat5a2/2 mice exhibit defec-Using the coiled-coil region of Stat5b as the bait in a
tive IL-2-induced proliferation of T cells resulting fromyeast two-hybrid screen, we identified the association
decreased IL-2-mediated upregulation of IL-2Ra (Naka-of Nmi, a protein of unknown function previously re-
jima et al., 1997a), a gene that is regulated by Stat5ported as an N-Myc interactor. We further show that
proteins (Sperisen et al., 1995; John et al., 1996; LecineNmi interacts with all STATs except Stat2. We evalu-
et al., 1996). Both Stat5a2/2 and Stat5b2/2 mice exhibitated two cytokine systems, IL-2 and IFNg, and demon-
a decrease in natural killer cells, but only Stat5b2/2 micestrate that Nmi augments STAT-mediated transcrip-
exhibit a marked defect in NK cell function (Imada ettion in response to these cytokines. Interestingly, Nmi
al., 1998). Thus, Stat5 proteins are required for normallacks an intrinsic transcriptional activation domain;
T cell proliferation and NK function.instead, Nmi enhances the association of CBP/p300
Using the yeast two-hybrid system, we sought to iden-coactivator proteins with Stat1 and Stat5, and together
tify proteins that interact with Stat5 proteins as a stepwith CBP/p300 can augment IL-2- and IFNg-depen-
to further clarify IL-2-mediated signaling. We found thatdent transcription. Therefore, our data not only reveal
Stat5b interacts with Nmi, a protein discovered as anthat Nmi can potentiate STAT-dependent transcrip-
N-Myc interactor (Bao and Zervos, 1996), and that Nmition, but also suggest that it can augment coactivator
can augment IL-2-dependent Stat5-mediated transcrip-protein recruitment to at least some members of a
tion. Moreover, we demonstrate that Nmi can interactgroup of sequence-specific transcription factors.
with all STATs except Stat2, and that Nmi can enhance
IFNg-dependent Stat1-mediated transcription, suggest-
Introduction ing a broader role for Nmi in cytokine signaling.
Interleukin-2 (IL-2) is a cytokine produced by activated
ResultsT cells that regulates the magnitude and duration of the
T cell immune response following antigen encounter
Nmi Interacts with Stat5 and Is Induced by IL-2(Taniguchi, 1995; Lin and Leonard, 1997). IL-2 also serves
in Normal Human Peripheral Blood Lymphocytesregulatory roles for a number of other hematopoietic
To study the role of STAT proteins in IL-2 signaling, wecells, including B cells and natural killer cells (Taniguchi,
focused on two STATs that are activated by IL-2, Stat5a1995; Lin and Leonard, 1997). On activated T cells, IL-2
and Stat5b, and sought to identify interacting proteinssignals through specific high-affinity receptors com-
using a yeast two-hybrid system (Durfee et al., 1993).posed of the IL-2 receptor a chain (IL-2Ra), IL-2Rb, and
When the full-length Stat5b coding region was used asthe common cytokine receptor g chain, gc (Taniguchi,
the ªbait,º constitutive activation of the b-galactosidase1995; Lin and Leonard, 1997). Among the signaling path-
reporter gene was detected, possibly due to the pres-ways activated by IL-2 is the Jak-STAT pathway. IL-2
ence of the transcriptional activation domain of Stat5b,rapidly activates Jak1, which associates with IL-2Rb,
given that the isolated C-terminal region was also consti-and Jak3, which associates primarily with gc but also
tutively activating (data not shown). We therefore fo-with IL-2Rb (Boussiotis et al., 1994; Miyazaki et al., 1994;
cused on the region N-terminal to the DNA-binding do-Russell et al., 1994; Zhu et al., 1998). Together these
main in Stat5b and prepared a bait construct comprisingJak kinases mediate the activation of the signal trans-
amino acids 182±337 (Figure 1A), a region highly con-ducer and activator of transcription (STAT) proteins
served in Stat5a. Although the function of this region ofStat5a, Stat5b, and Stat3 (Nielsen et al., 1994; Fujii et
Stat5 proteins is unknown, the three-dimensional struc-al., 1995; Gaffen et al., 1995; Gilmour et al., 1995; Hou
tures of Stat1 and Stat3 reveal that this region forms aet al., 1995; Lin et al., 1995, 1996). Stat5a and Stat5b
coiled-coil structure thought to be important for protein±are closely related proteins that share over 90% amino
protein interactions (Becker et al., 1998; Chen et al.,acid identity (Azam et al., 1995; Mui et al., 1995; Lin et
1998).al., 1996). Stat5a and Stat5b are also activated by many
Yeast YRG2 cells were transformed with the bait con-
struct, and the resulting cells were transformed with an
EBV-transformed B cell library of cDNAs fused to the* To whom correspondence should be addressed (e-mail: wjl@helix.
nih.gov). GAL4 activation domain. Eleven of the 60 clones that
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Figure 1. Nmi Interacts with Stat5b
(A) Schematic diagram of Stat5b, indicating
the region used as the ªbait.º
(B) Coprecipitation of Nmi and Stat5 in 293T
cells transfected with Stat5b and either the
empty vector (lanes 1) or HA-tagged Nmi
(lanes 2). Cells were lysed and lysates were
immunoprecipitated with anti-HA (left panel)
or anti-Stat5b (right panel), and immunoblot-
ted with anti-Stat5b (left panel) or anti-HA
(right panel). Levels of transfected Nmi and
Stat5b were assayed by blotting with anti-
Stat5b and anti-HA (lower panel).
(C) Nmi mRNA is induced by IL-2 in normal
PBL. Fresh PBL were treated with either 2 nM
IL-2 (lanes 2, 4, 6, and 8) or 2 mg/ml PHA
(lanes 3, 5, 7, and 9) for the indicated times.
Preactivated PBL were stimulated with 2 nM
IL-2 for 0, 1, 4, and 24 hr (lanes 10, 11, 12, and
13). Poly A1 RNA was analyzed by Northern
blotting using a 32P-labeled human Nmi probe
(upper panel). The same blot was reprobed
with 32P-labeled control pHe7 (lower panel).
(D) Nmi and Stat5 proteins are induced by
IL-2 with a similar time course in preactivated
PBL. Preactivated PBL were stimulated with
2 nM IL-2 for 0, 4, 8, and 24 hr. Proteins (15±20
mg) were analyzed by Western blotting with
anti-Stat5, anti-Nmi (R1373), or control anti-
body (an antiserum to Ned4, an E3 ubiquitin
ligase, bottom panel).
(E) Coprecipitation of Nmi and Stat5 in YT
cells and preactivated PBL. YT cells (lanes
1±4) and preactivated PBL (lanes 5±8) were
not stimulated (lanes 1, 3, 5, and 7) or stimu-
lated with 2 nM IL-2 for 15 min (lanes 2, 4, 6,
and 8). Cell lysates were immunoprecipitated
with preimmune serum (lanes 1, 2, 5, and 6)
or anti-Nmi antiserum (R1445, lanes 3, 4, 7,
and 8). Immunoprecipitates were immunoblot-
ted with anti-Stat5 (top panels) or anti-Nmi
(R1373, middle panels). Stat5 levels in YT and
PBL lysates are also shown (bottom panel).
specifically interacted with the bait construct encoded IL-2 potently induces the proliferation of T cells and
augments the proliferation and cytolytic activity of natu-either full-length (307 amino acids) Nmi or amino acids
11±307 or 13±307 of Nmi, a gene product previously ral killer cells (Lin and Leonard, 1997). We therefore
evaluated Nmi expression in normal human peripheralisolated in a yeast two-hybrid assay using the C-terminal
region of N-Myc as a bait (Bao and Zervos, 1996). Nmi blood lymphocytes (PBL), which contain these cell pop-
ulations. As shown in Figure 1C, Nmi mRNA was inducedwas previously shown to also interact with Max and
Mxi1, two Myc family proteins that contain basic helix- within 4 hr after stimulation of PBL with phytohemagglu-
tinin (PHA) or 2 nM IL-2 (lanes 6 and 7). When cells wereloop-helix/leucine zipper (bHLH-ZIP) domains, daugh-
terless (which contains a bHLH domain), and c-Fos preactivated with PHA (which primes T cells for IL-2
responsiveness and mimics antigen-dependent activa-(which has a bZip motif), but not with the zinc finger
proteins tested (Bao and Zervos, 1996). Nmi maps to tion) for 72 hr and then rested overnight, Nmi mRNA
expression remained (lane 10); however, it was furtherhuman chromosome 22q13.3 and is expressed in most
tissues, although not in brain (Bao and Zervos, 1996). induced by treatment with IL-2 (lanes 11±13). Moreover,
in preactivated PBL, the levels of both Stat5 and NmiHowever, the function of Nmi has remained unclear.
To confirm the Nmi±Stat5b interaction, 293T cells proteins were induced by IL-2 with similar time courses
(Figure 1D). We therefore evaluated the ability of Nmiwere transfected with Stat5b and either HA-tagged Nmi
or a control vector. Stat5b was found in anti-HA immuno- and Stat5 to interact in YT cells and in preactivated
PBL. Consistent with the relatively slow time course ofprecipitates when HA-tagged Nmi was coexpressed
(Figure 1B, left panel), and conversely, Nmi was detected induction of Nmi (Figure 1D), similar amounts of Nmi
were immunoprecipitated in these cells before and afterin anti-Stat5b immunoprecipitates (right panel). Consis-
tent with the fact that the ªbaitº region of Stat5b differs 15 min of treatment with IL-2 (Figure 1E, middle panels,
lanes 7 and 8). Importantly, Stat5 was specifically copre-by only three residues from the corresponding region
of Stat5a, Stat5a could be coprecipitated with Nmi (data cipitated in both YT cells (left top panel, lanes 3 and 4
vs. 1 and 2) and PBL (right top panel, lanes 7 and 8 vs. 5not shown).
Nmi Augments STAT-Dependent Transcription
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Figure 2. The Amino Acid 232±321 Region of Stat5b Can Bind Nmi
(A) Mapping the region of Stat5b that interacts with Nmi using a Figure 3. Nmi Interacts with Stat5b at Two Regions, Amino Acids
yeast two-hybrid system. b-galactosidase filter assay results are 57±99 and 143±202
shown on the right for yeast transformed with the indicated Stat5b (A) Schematic diagram of various GST-Nmi fusion proteins.
fusion constructs and either Nmi/pAD or the empty pAD vector. (B) Regions required for Nmi-Stat5b interaction. Lysate (0.5 mg of
(B) The Stat5b region (residues 232±321) associates with Nmi. 293T protein) from YT cells was incubated with different GST or GST-
cells were transfected with HA-tagged Nmi, and either the empty Nmi fusion proteins bound to glutathione-Sepharose beads (30 ml).
FLAG vector or FLAG-tagged Stat5b(232±321) or Stat5b(182±337). Bound proteins were separated on 10% SDS-PAGE. The top part
Lysates were immunoprecipitated with anti-FLAG and blotted with of the gel was immunoblotted with anti-Stat5b (upper panel); the
anti-HA (upper panel) or anti-FLAG (middle panel). Western blotting lower part of the gel was stained with Coomassie blue (lower panel).
of lysates confirmed the expression of HA-Nmi (lower panel).
(C) Deletion of amino acids 232±321 of Stat5b greatly decreases its
association with Nmi. 293T cells were transfected with HA-tagged
Consistent with this result, a deletion mutant lackingNmi, and either FLAG-tagged full-length Stat5b or Stat5bD(232±
321). Lysates were immunoprecipitated with anti-HA and Western this region, Stat5bD(232±321), associated with Nmi much
blotted with anti-FLAG (upper panel) or anti-HA (middle panel). Im- less efficiently than did full-length Stat5b (Figure 2C, top
munoblotting of lysates with anti-FLAG confirmed similar expression panel).
of wild-type Stat5b and Stat5bD(232±321) (lower panel). We next sought to delineate the region(s) of Nmi im-
portant for its association with Stat5b using GST-fusion
proteins containing full-length or truncated Nmi (Figureand 6) before and after stimulation with IL-2. The slower
mobility band seen after stimulation with IL-2 corre- 3A). Similar amounts of GST-Nmi fusion proteins bound
to glutathione-Sepharose beads (Figure 3B, lower pan-sponds to tyrosine-phosphorylated forms of Stat5, indi-
cating that these ªactivatedº forms of Stat5 can interact els) were incubated with YT lysates, and the retained
proteins were analyzed by immunoblotting with an anti-with Nmi. In contrast to Stat5, Nmi is not tyrosine phos-
phorylated, as evaluated by anti-phosphotyrosine West- serum to Stat5b (Figure 3B, upper panels). Two regions
of Nmi, corresponding to residues 57±99 and 143±202,ern blotting (data not shown).
could bind Stat5b (lanes 6 and 7 of upper panels), and
simultaneous deletion of both regions markedly dimin-Delineation of the Regions of Stat5b and Nmi
that Mediate Their Interaction ished the association of Nmi with Stat5b (lane 12). Inter-
estingly, deletion of either region alone also diminishedTo further define the region of Stat5b that mediates
its interaction with Nmi, we made a series of Stat5b Stat5b binding (lanes 10 and 11), suggesting that these
two regions of Nmi may cooperate for maximal bindingtruncation constructs. By using the yeast two-hybrid
system, we found that the Stat5b region between resi- of Stat5b.
dues 232 and 321 was sufficient for its interaction with
Nmi (Figure 2A). We confirmed this observation in 293T Nmi Enhances Stat5-Dependent Transcription
We next investigated the role of Nmi in IL-2-responsivecells by showing that FLAG-tagged Stat5b(232±321) co-
precipitated similar amounts of HA-tagged Nmi as did YT cells. Possibly because of the levels of endogenous
Nmi in YT cells (Figure 1E, middle panel), transfectionFLAG-tagged Stat5b(182±337) (Figure 2B, top panel).
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cells). We further confirmed the importance of the Stat5±
Nmi interaction by demonstrating that transfection of
either a Stat5b construct containing a deletion in the
region required for efficient Nmi interaction, Stat5bD
(232±321), or a construct containing only this region,
Stat5b(232±321), could inhibit Stat5-dependent tran-
scription in YT cells (Figure 4B).
Because of the relatively high level of endogenous
Nmi in YT cells, we next investigated the role of Nmi in
IL-2 signaling using NIH3T3 cells, which express an even
lower level of Nmi than fresh splenocytes (data not
shown). We used NIH3T3 cells stably transfected with
IL-2Ra, IL-2Rb, gc, and Jak3 to confer IL-2 respon-
siveness (Minami et al., 1994; Chen et al., 1997) (Figure
4C). In the absence of Nmi, the amount of IL-2-induced
reporter activity over the basal activity was very low in
these cells (first pair of bars and inset). However, in the
presence of Nmi, the relative increase conferred over
basal activity was much greater (second set of bars and
inset). The basal activity seen in cells not stimulated with
IL-2 was similar with both native and mutated b-casein
reporter constructs (Figure 4C), confirming that the
basal activity was STAT independent. Thus, as ex-
pected, only the IL-2-induced activity was STAT depen-
dent, with a relative increase in IL-2-induced activity
over the basal level of approximately 5:1 in the presence
versus absence of Nmi (Figure 4C, compare first two
sets of bars and inset). Collectively, these data indicate
a role for Nmi in IL-2-induced Stat5-dependent tran-
scription.
Figure 4. Nmi Is Important in IL-2-Induced Stat5-Dependent Tran- Nmi Enhances Recruitment of CBP/p300
scription
Coactivators to Stat5
(A and B) YT cells were transfected with the b2casein luciferase Because Nmi augmented Stat5-dependent transcrip-reporter construct (1±2 mg), pRL-TK (20 ng), and 4±8 mg of either
tion, we next investigated whether Nmi has an intrinsicempty pCi vector, or sense or antisense Nmi cloned in pCi (A), or
transcriptional activation domain. Constructs express-full-length or deleted Stat5b constructs in pFLAG (B). Transfectants
were untreated (open bars) or treated (closed bars) with IL-2 for ing amino acids 1±150, 90±150, 90±307, or 190±307 of
12±24 hr before harvesting. Shown are the mean 6 SD of triplicate Nmi fused to the GAL4 DNA-binding domain (amino
data points from a representative experiment. acids 1±147) were transfected into 293T or YT cells. No
(C) Nmi enhances IL-2-induced STAT-dependent transcription from transactivation was detected for any of the GAL4-Nmia reporter construct in NIH3T3abgJak3 cells. The inset is a stacked
fusion proteins, even though an equivalently expressedbar graph in which the lower part of each bar shows the basal
GAL4-Elf-1 construct exhibited potent activity (data notactivity and the upper part is the IL-2-induced activity over the basal
activity (data derived from the first two pairs of bars in the main shown). This indicated that Nmi lacks an intrinsic trans-
panel). activation domain, and we hypothesized that Nmi might
instead act as an adaptor protein to recruit other factors
that enhance Stat5-dependent transcription. The tran-of Nmi did not further augment Stat5-dependent tran-
scription from a reporter construct (Figure 4A, second scriptional coactivators, CREB-binding protein (CBP)
and p300, have been demonstrated to interact with Stat1vs. first pair of bars). However, transfection of an anti-
sense Nmi expression vector diminished expression of (Zhang et al., 1996; Horvai et al., 1997), Stat2 (Bhatta-
charya et al., 1996), and Stat5 (Pfitzner et al., 1998; S. J.the reporter construct (Figure 4A, third vs. first pair of
bars). This effect was specific as these data were nor- et al., unpublished observations). We therefore tested
whether Nmi affects the association between Stat5 pro-malized using the Dual Luciferase Assay System, and
expression of the internal control reporter construct (Re- teins and CBP/p300 and found that association of CBP
with Stat5 proteins was enhanced by Nmi (Figure 5A,nilla luciferase driven by the TK promoter) was not al-
tered by the antisense construct (data not shown). When left middle panel, lane 3 vs. 2). Interestingly, Nmi exhib-
ited little if any association with CBP in the absencecells were cotransfected with antisense Nmi and a green
fluorescent protein (GFP) expression vector followed by of Stat5 (third panel, lane 1), but in the presence of
transfected Stat5, coprecipitation of Nmi with CBP wassorting of GFP-expressing cells, the sorted cells repro-
ducibly exhibited a decrease in Nmi expression (al- readily detected (lane 3). The amount of HA-tagged Nmi
coprecipitated in different experiments correlated withthough the effect was only partial, presumably in part
resulting from the presence of contaminating nontrans- the amount of coprecipitated Stat5 (data not shown).
Similar results were found when p300 was used insteadfected cells given the low transfection efficiency in these
Nmi Augments STAT-Dependent Transcription
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and Stat5b (first pair of bars) exhibited some activity
that was modestly increased by either Nmi or CBP alone
(second and third pairs of bars). However, cotransfec-
tion of both Nmi and CBP together increased activity
4- to 5-fold over the level of IL-2-induced expression
seen in the absence of these proteins (compare the
fourth pair to the first pair of bars; see inset for levels
of activity conferred by CBP, Nmi, or both [cross-
hatched part of each bar] over that detected in their
absence [lower stippled part of each bar]). As expected,
no IL-2-induced activity was seen when the GAS motif
in the reporter was mutated (Figure 5B, last four sets of
bars). It is possible that the degree of cooperativity of
Nmi and CBP is being underestimated given that 293T
cells (and indeed all cells we have examined) have at
least some endogenous expression of both proteins.
Nmi Interacts with All STATs except Stat2
We next investigated whether Nmi interacts with other
STAT proteins besides Stat5a and Stat5b. YT cells have
substantial levels of Stat1, Stat2, Stat3, Stat5a, Stat5b,
and Stat6 and were used as sources of these STAT
proteins. For Stat4, we used lysates from 293T cells
transfected with Stat4, given its low expression in YT
cells. GST or GST-Nmi fusion proteins bound to glutathi-
one-Sepharose beads were incubated with lysates from
YT or transfected 293T cells, extensively washed, and
retained proteins analyzed by immunoblotting with anti-
bodies specific for each individual STAT protein. Inter-
estingly, all STAT proteins except Stat2 bound to a GST-
Figure 5. Nmi Augments Association of Stat5 with CBP and Cooper- Nmi fusion protein (Figure 6A, lane 3 in each panel) but
ates with CBP in Augmenting Stat5-Dependent Transcription
not to GST alone (lane 2 in each panel), indicating that
(A) 293T cells were transfected with 1±2 mg each of Stat5a and
the interaction of Nmi with STATs is not limited to Stat5Stat5b, 2±3 mg of CBP, and 2±3 mg of either HA-tagged Nmi or
proteins.vector only. Lysates were immunoprecipitated with anti-CBP and
blotted with anti-CBP (left upper panel), anti-Stat5a/5b (left middle
panel), or anti-HA (left lower panel). Levels of transfected Stat5a/
Nmi Augments IFNg-Dependent Transcription5b and Nmi were assayed by blotting with anti-Stat5 and anti-HA
and the Interaction of CBP with Stat1(right two panels).
(B) Nmi and CBP cooperatively increase Stat5-dependent transcrip- In view of the ability of Nmi to interact with other STATs,
tion from the wild-type but not mutant PRRIII-CAT reporter con- we selected IFNg as a second model system. Analogous
struct. In this experiment, 293T cells were transfected with 1 mg of to IL-2, IFNg could also induce Nmi expression in normal
the wild-type or mutant PRRIII-CAT reporter constructs, 2 mg of IL-
PBL (Figure 6B). Using NIH3T3 cells, we demonstrated2Rb, 0.5 mg of gc, 0.25 mg of Jak3 expression vectors, and 8±10 ng
that similar to its effect on IL-2 signaling, Nmi signifi-of Stat5a and Stat5b. Nmi (1 mg) and CBP (1 mg) were added where
cantly increased the level of IFNg-dependent transcrip-indicated. The inset shows a stacked bar graph in which the lower
part of each bar (stippled pattern) is the IL-2-induced reporter activ- tion over the basal level of activity in these cells (Figure
ity in cells transfected with Stat5a and Stat5b (data derived from 6C, also see inset), and as for IL-2, activity was only
main figure, first two sets pairs of bars); the upper part of each bar observed with a reporter construct containing intact
(cross-hatch) is the additional activity conferred by Nmi, CBP, or a
GAS motifs (data not shown). Similar results were ob-combination of Nmi and CBP.
served in L cells (data not shown). Finally, similar to its
effect on the interaction of Stat5 and CBP (Figure 5A),
of CBP (data not shown). These data indicate that Nmi Nmi increased the interaction between Stat1 and CBP
is in the Stat5-CBP/p300 complexes, but that its primary (Figure 6D, middle panel, lane 2 vs. 1). Moreover, the
interaction is with Stat5 rather than CBP/p300. combination of CBP and Nmi cooperatively increased
Because Nmi augmented the interaction of CBP and IFNg-induced Stat1-dependent transcription (Figure 6E;
Stat5, we hypothesized that cotransfection of both Nmi see also inset). These results demonstrate that the ef-
and CBP might further augment Stat5-dependent tran- fects of Nmi are not restricted to IL-2 signaling but ex-
scription. We therefore used a reconstitution system tend to IFNg signaling as well.
(Lin et al., 1996; Zhu et al., 1998) in which 293T cells
were transfected with IL-2Rb, gc, Jak3, Stat5a, Stat5b,
and a reporter construct containing a natural Stat5- Discussion
dependent IL-2 response element from the IL-2Ra gene
(PRRIII; John et al., 1996) to investigate this possibility. STAT proteins are central components of a rapid cytosol
to nuclear signaling system used by interferons andAs shown in Figure 5B, cells transfected only with Stat5a
Cell
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Figure 6. The Effect of Nmi Is Not Limited to Stat5: a Role for Nmi in IFNg Signaling
(A) Association of Nmi with all STATs except Stat2. Lysates from YT cells or 293T cells transfected with Stat4 were incubated with GST or
GST-Nmi beads at 48C for 1±2 hr. The retained proteins were analyzed by immunoblotting with antibodies to different STAT proteins. Each
lane 1 shows the input protein; each lane 2 shows proteins bound to GST; and each lane 3 shows proteins bound to GST-Nmi. Arrows indicate
the size of each STAT protein. Similar results were obtained when MT-2 cells were used instead of YT cells (data not shown).
(B) IFNg augments expression of Nmi (upper panel) in normal PBL, but not of a control protein (Ned4, lower panel).
(C) Nmi enhances IFNg-dependent transcription of a b-casein reporter construct in NIH3T3 cells. Three micrograms of the Nmi expression
vector was transfected. The inset is a stacked bar graph in which the lower part of each bar corresponds to the basal activity and the upper
part is the IFNg-induced activity.
(D) Nmi increases the Stat1±CBP interaction. Blotting controls are shown as indicated.
(E) CBP and Nmi cooperatively increase IFNg-dependent Stat1-dependent transcription of an IRF-1 reporter construct (Sims et al., 1993). As
in Figure 5, only 1 mg of the Nmi and CBP expression vectors was used in order to favor their cooperative effect. The inset is a stacked bar
graph in which the lower part of each bar (stippled pattern) is the IFNg-induced reporter activity in cells transfected with pCi; the upper part
of each bar (cross-hatch) is the activity additionally conferred by Nmi, CBP, or a combination of Nmi and CBP.
cytokines. In unstimulated cells, STAT proteins are lo- potency of signaling and/or greater selectivity of target
genes might be mediated. Indeed, a number of factorscated within the cytosol. After cytokines bind to their
receptors, STATs are recruited to receptors and rapidly can associate with STATs and affect STAT-dependent
transcription. Sp1 can associate with Stat1 (Look et al.,phosphorylated, allowing their dimerization and translo-
cation to the nucleus (Darnell, 1997; Leonard and O'Shea, 1995), c-Jun can associate with a truncated form of
Stat3 (Schaeffer et al., 1995), the glucocorticoid receptor1998). The seven mammalian STAT proteins all share
general structural similarities, including an N-terminal can associate with Stat5a and Stat5b (Stocklin et al.,
1996; Cella et al., 1998), CBP and p300 can interact withdomain, a coiled-coil domain, a DNA-binding domain,
a linker domain, an SH2 domain, a conserved C-terminal Stat1, Stat2, and Stat5 (Bhattacharya et al., 1996; Zhang
et al., 1996; Horvai et al., 1997; Pfitzner et al., 1998),tyrosine whose phosphorylation mediates STAT dimer-
ization, and a C-terminal transactivation domain (Dar- PIAS3 can interact with Stat3 (Chung et al., 1997), and
PIAS1 can interact with Stat1 (Liu et al., 1998). Thus, anell, 1997; Chen et al., 1998; Leonard and O'Shea, 1998;
see Figure 1A). In some STATs, such as Stat1 and Stat3, considerable amount is known regarding the functional
domains of STATs, and a number of interacting proteinsphosphorylation of a C-terminal serine is important for
transcriptional activation (Wen et al., 1995; Zhang et al., have been reported. However, relatively little is known
about the function of the conserved region located1995). Finally, the N-terminal regions of Stat1, Stat4,
and Stat5 are vital for oligomerization of STAT dimers N-terminal to the DNA-binding domain that achieves a
coiled-coil domain (Becker et al., 1998; Chen et al.,(Vinkemeier et al., 1996, 1998; Xu et al., 1996; John et
al., 1999). 1998). In the ISGF3 complex, this region mediates the
interaction of p48 (Horvath et al., 1996; Martinez-Moczy-Although STAT proteins play a central role in cytokine
signaling, the interaction of STATs with other nuclear gemba et al., 1997), an IRF family DNA-binding protein
required for binding of Stat1-Stat2 heterodimers to DNAfactors could represent a mechanism by which greater
Nmi Augments STAT-Dependent Transcription
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following their activation by interferon a (Fu et al., 1990). both Nmi and STATs. Additional work will be needed to
define the mechanism by which Nmi augments recruit-However, p48 is not known to interact with other STATs,
suggesting that the coiled-coil region might also contact ment of CBP/p300. Moreover, it is conceivable that Nmi
could have other effects (e.g., influencing the efficiencyother proteins. We now have shown Nmi is one such
protein. of STAT nuclear translocation or tetramerization), an
area for future investigation. Finally, the identification ofIn analyzing IL-2 signaling, we found that Nmi could
enhance IL-2-driven Stat5-dependent transcription. Nmi the STAT±Nmi interaction provides a function for the
coiled-coil region immediately upstream of the DNA-does not contain an intrinsic transactivation domain;
however, Nmi could augment the recruitment of CBP/ binding domain of STAT proteins. The fact that Nmi itself
is induced by IL-2 and IFNg provides a mechanism forp300 to Stat5. CBP and p300 are versatile coactivators
that are essential for mammalian cell proliferation, differ- cytokine-regulated specific enhancement of STAT-
dependent transcriptional activation. These observa-entiation, and development (Yao et al., 1998). In addition
to promoting interactions between sequence-specific tions, coupled to the ability of Nmi to associate with
six of the seven known mammalian STAT proteins (alltranscriptional activators and the RNA polymerase II
basal transcription complex, CBP/p300 also contain po- except Stat2) as well as other types of transcription
factors, suggest that Nmi may modulate transcriptiontent histone acetyltransferase activity (Bannister and
Kouzarides, 1996; Nakajima et al., 1997b). They there- in response to multiple stimuli.
fore can modify chromatin structure by acetylating spe-
Experimental Procedurescific histones, thus destabilizing nucleosomes and
allowing a more transcriptionally active DNA conforma-
Constructstion (Chakravarti et al., 1996; Eckner et al., 1996; Jank-
The amino acid 182±337 region of Stat5b was cloned into pBD-GAL4
necht and Hunter, 1996; Ogryzko et al., 1996; Gu et (Stratagene) as the bait construct for yeast two-hybrid screening and
al., 1997; Lill et al., 1997). To date, Nmi has not been designated as Stat5b(182±337)/pBD. The HA-tagged Nmi construct,
HA-Nmi/pMT3, was provided by A. S. Zervos. The Nmi insert wasdemonstrated to bind directly to DNA. Although it exhib-
cloned into pBSK and pcDNA3neo to generate HA-Nmi/pBSK andited little if any direct interaction with CBP/p300, Nmi
HA-Nmi/pcDNA3neo. Sense and antisense Nmi constructs wereenhances the ability of Stat5 proteins to interact with
prepared in pCi (Promega). All GST-Nmi fusion constructs wereCBP/p300, and in the context of all three proteins Nmi
created by PCR using HA-Nmi/pBSK as a template and cloned into
can be coprecipitated with CBP. pGEX-5X-1 (Pharmacia Biotech). In-frame fusion and sequences
The coiled-coil region of Stat5b is well conserved in were confirmed by DNA sequencing.
A Stat5b fragment corresponding to amino acids 182±337 wasStat5a but is more divergent in other STAT proteins.
subcloned from Stat5b(182±337)/pBD into pFLAG-CMV2 (Kodak) toTherefore, it was interesting that Nmi could interact with
generate Stat5b(182±337)/pFLAG. A Stat5b fragment correspondingall STATs except for Stat2. We do not yet understand
to amino acids 232±321 was PCR amplified and cloned into pFLAG-
why Stat2 cannot interact with Nmi; mutagenesis stud- CMV2-2 to generate Stat5b(232±321)/pFLAG. A full-length Stat5b
ies or an analysis of a series of Stat2/Stat5 chimeric fragment was cloned in pFLAG-CMV2-2 to generate Stat5b/pFLAG.
proteins in this region may clarify the contact points Stat5bD(2322321)/pFLAG was created by PCR. Full-length Stat5a
and Stat5b cDNAs were cloned into pCi. The b-casein reporterbetween Nmi and Stat5, helping to explain this finding.
construct was generated by cloning three repeats of GAS motif fromTo explore whether Nmi could contribute to transcrip-
the b-casein promoter and CMV minimal promoter into pGL-2basictional activation mediated by other STATs, we selected
(Promega).
IFNg, which signals through Stat1, as a second model
system and found strong evidence in support of a role Yeast Two-Hybrid Screening
A yeast two-hybrid system with both lacZ and His3 selectionsfor Nmi. First, analogous to IL-2, IFNg potently in-
(Durfee et al., 1993) was used. YRG2 yeast (Stratagene) transformedduced Nmi protein levels. Second, Nmi increased IFNg-
with the Stat5b(182±337)/pBD ªbaitº produced an expected 37 kDainduced Stat1-dependent transcription. Third, Nmi en-
fusion protein detected by Western blotting with an antibody to thehanced the interaction of Stat1 with CBP. Fourth, the GAL4 DNA-binding domain. YRG2 cells transformed with the bait
combination of Nmi and CBP cooperatively increased construct were then transformed with DNA from a cDNA library
IFNg-dependent transcription from an IRF-1 reporter prepared from EBV-transformed B cells. In this library, cDNAs are
fused to the GAL4 activation domain in pACT (Durfee et al., 1993).construct. Because Nmi associated with all STAT pro-
Of 107 transformants, 62 conferred to YRG2(Stat5b(182±337)/pBD)teins except Stat2, it will be important to investigate the
cells the ability to grow on His2 plates and to produce b-galactosi-range of cytokines whose signaling is affected by Nmi.
dase. Of these, 60 were ªtrueº positives that could not induce His
Moreover, because Nmi was first identified as an N-Myc or b-galactosidase production when transformed into YRG2(p53/
and c-Myc interacting protein, it will be interesting to pBD) or YRG2(pBD) cells.
investigate whether Nmi affects Myc-dependent tran-
Reagents and Antibodiesscription and whether the region of Nmi that interacts
Antibodies to Stat5a and Stat5b were described previously (Linwith STAT proteins is similar to the region that interacts
et al, 1996). Antibodies to HA (Boehringer Mannheim), FLAG (M2,with Myc.
Kodak), CBP (Santa Cruz), Stat1 (anti-ISGF, Transduction Lab), Stat2
In summary, our data reveal Nmi to be a novel potenti- (Santa Cruz), Stat3 (Transduction Lab), Stat4 (Santa Cruz), Stat5
ator of transcription that lacks an intrinsic transactiva- (Transduction Lab), and Stat6 (Transduction Lab) were used for
immunoprecipitation or Western blotting, as described in the text.tion domain but can enhance the recruitment of coacti-
Anti-Nmi antisera R1373 and R1445 were produced by immunizingvators to STATs. Given the lack of a clear interaction
rabbits with a peptide corresponding to amino acids 169±180 ofbetween Nmi and CBP/p300 in the absence of STAT
Nmi or with a GST-Nmi fusion protein, respectively.proteins, we hypothesize that either the binding of Nmi
to STAT proteins alters their affinities for CBP/p300 or Cell Lines, Transfections, and Reporter Assay
that CBP/p300 can recognize with higher affinity a com- 293T cells were cultured in DMEM containing 10% fetal bovine
serum (FBS), 2 mM glutamine, 100 U/ml of penicillin, and 100 mg/bined interaction surface that is formed by residues from
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ml of streptomycin. Transient transfections were performed using M. Noguchi, E. Soldaini, K.-T. Jeang, D. Levens, C. Wu, and K. Ozato
for valuable suggestions and critical comments.calcium phosphate as previously described (Zhu et al., 1998). For
immunoprecipitation experiments, cells were transfected in either
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respectively. Transfectants were harvested 36±48 hr later.
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Referencescells and transfected using LipofectAMINE (Life Technologies). Cells
were plated into 100 mm dishes at 4 3 105 cells/plate 36 hr prior
Azam, M., Erdjument-Bromage, H., Kreider, B.L., Xia, M., Quelle, F.,to transfection. Opti-MEM I (0.8 ml) containing 4 mg of DNA and 0.8
Basu, R., Saris, C., Tempst, P., Ihle, J.N., and Schindler, C. (1995).ml of Opti-MEM I with 50 ml of LipofectAMINE were combined and
Interleukin-3 signals through multiple isoforms of Stat5. EMBO J.incubated at room temperature for 30 min. Opti-MEM I (6.4 ml) was
14, 1402±1411.added to the mixture, and the resulting 8 ml was overlaid onto cells
Bannister, A.J., and Kouzarides, T. (1996). The CBP co-activator isthat had been rinsed once with 10 ml of Opti-MEM I. After 10 hr,
a histone acetyltransferase. Nature 384, 641±643.medium was replaced with 10 ml of growth medium. After 24 hr,
cells were treated with 10 ng/ml IFNg and culture continued for Bao, J., and Zervos, A.S. (1996). Isolation and characterization of
Nmi, a novel partner of Myc proteins. Oncogene 12, 2171±2176.16 hr. NIH3T3 cells stably transfected with IL-2Ra, IL-2Rb, and gc
(Minami et al., 1994) and subsequently transfected with Jak3 (Chen Becker, S., Groner, B., and MuÈ ller, C.W. (1998). Three-dimensional
et al., 1997) were provided by J. O'Shea. structure of the Stat3b homodimer bound to DNA. Nature 394,
Human natural killer±like YT cells were cultured in RPMI 1640 145±151.
medium supplemented with 10% FBS, 2 mM glutamine, 100 U/ml Bhattacharya, S., Eckner, R., Grossman, S., Oldread, E., Arany, Z.,
of penicillin, and 100 mg/ml of streptomycin. Transient transfections D'Andrea, A., and Livingston, D.M. (1996). Cooperation of Stat2 and
of YT were performed using the DEAE-dextran method. Briefly, p300/CBP in signaling induced by interferon-a. Nature 383, 344±347.
1±2 3 106 cells were incubated with up to 10 mg plasmids and 200
Boussiotis, V.A., Barber, D.L., Nakarai, T., Freeman, G.J., Gribben,mg DEAE-dextran in 1 ml of STBS buffer (25 mM Tris [pH 7.4], 137
J.G., Bernstein, G.M., D'Andrea, A.D., Ritz, J., and Nadler, L.M.mM NaCl, 0.5 mM MgCl2, 0.7 mM CaCl2, 5 mM KCl) at 378C for 30
(1994). Prevention of T cell anergy by signaling through the gc chainmin, followed by washing once with medium. Twenty-four hours
of the IL-2 receptor. Science 266, 1039±1042.after transfection, cells were treated with 2 nM IL-2 for 12±24 hr and
Cella, N., Groner, B., and Hynes, N.E. (1998). Characterization ofthen harvested.
Stat5a and Stat5b homodimers and heterodimers and their associa-For luciferase assays, the Dual Luciferase Assay System (Pro-
tion with the glucocorticoid receptor in mammary cells. Mol. Cell.mega) was used. The control luciferase construct, pRL-TK, was
Biol. 18, 1783±1792.cotransfected with the reporter construct. Proteins (0.1±0.5 mg) from
293T or 5±20 mg proteins from YT lysates were used for luciferase Chakravarti, D., LaMorte, V.J., Nelson, M.C., Nakajima, T., Schulman,
assays according to the manufacturer's instructions. In each experi- I.G., Juguilon, H., Montminy, M., and Evans, R.M. (1996). Role of
ment, samples were analyzed in triplicate, and each experiment CBP/P300 in nuclear receptor signaling. Nature 383, 99±103.
was repeated three times, with similar results. CAT assays were Chen, M., Cheng, A., Chen, Y.Q., Hymel, A., Hanson, E.P., Kimmel,
performed as previously described (John et al., 1995). In all lucifer- L., Minami, Y., Taniguchi, T., Changelian, P.S., and O'Shea, J.J.
ase and CAT assays, all values were expressed relative to the activity (1997). The amino terminus of JAK3 is necessary and sufficient for
detected with vector alone, with stimulation by IL-2 or IFNg; the binding to the common gamma chain and confers the ability to
activity of the vector alone was assigned a value of 1. transmit interleukin 2-mediated signals. Proc. Natl. Acad. Sci. USA
94, 6910±6915.
Chen, X., Vinkemeier, U., Zhao, Y., Jeruzalmi, D., Darnell, J.E., Jr.,Immunoprecipitation, GST±Fusion Protein Interaction,
and Kuriyan, J. (1998). Crystal structure of a tyrosine phosphorylatedand Western Blotting
STAT21 dimer bound to DNA. Cell 93, 827±839.293T transient transfectants were harvested by washing with phos-
phate-buffered saline (PBS) and then lysed with lysis buffer (50 mM Chung, C.D., Liao, J., Liu, B., Rao, X., Jay, P., Berta, P., and Shuai,
Tris [pH 7.5], containing 150 mM NaCl, 0.5% NP-40, 0.4 mM Na3VO4, K. (1997). Specific inhibition of Stat3 signal transduction by PIAS3.
1 mM AEBSF, 1 mM leupeptin, and 1 mM aprotinin). Immunoprecipi- Science 278, 1803±1805.
tations were performed at 48C for 1±2 hr. Immunoprecipitates were Darnell, J.E., Jr. (1997). STATs and gene regulation. Science 277,
washed four times with lysis buffer, resolved on 8%, 10%, or 8%± 1630±1636.
16% SDS-PAGE (NOVEX), transferred to Immobilon-P membranes
Durfee, T., Becherer, K., Chen, P.-L., Yeh, S.-H., Yang, Y., Kilburn,(Millipore Corp.), immunoblotted with different antibodies, and de-
A.E., Lee, W.-H., and Elledge, S.J. (1993). The retinoblastoma proteinveloped with ECL (Amersham or Pierce).
associates with the protein phosphatase type I catalytic subunit.GST-Nmi fusion proteins were purified from bacteria using gluta-
Genes Dev. 7, 555±569.thione-Sepharose 4B beads (Pharmacia) according to the manufac-
Eckner, R., Yao, T.-P., Oldread, E., and Livingston, D.M. (1996).turer's instructions. For the association of GST-Nmi with STAT pro-
Interaction and functional collaboration of p300/CBP and bHLH pro-teins, YT cells, or 293T cells transfected with Stat4 were lysed with
teins in muscle and B-cell differentiation. Genes Dev. 10, 2478±2490.lysis buffer. Four hundred microliters of lysates (about 0.5 mg of
proteins) were incubated with 30 ml of GST-Nmi or GST Sepharose Fu, X.-Y., Kessler, D.S., Veals, S.A., Levy, D.E., and Darnell, J.E., Jr.
(1990). ISGF3, the transcriptional activator induced by interferonbeads at 48C for 1±2 hr. The beads were washed four times with
lysis buffer. The bound STAT proteins were immunoblotted with alpha, consists of multiple interacting polypeptide chains. Proc.
Natl. Acad. Sci. USA 87, 8555±8559.different anti-STAT antibodies. For mapping the region of Nmi re-
quired for Stat5b association, lysates were incubated with 30 ml of Fujii, H., Nakagawa, Y., Schindler, U., Kawahara, A., Mori, H., Gouil-
a variety of GST-Nmi or GST beads. leux, F., Groner, B., Ihle, J.N., Minami, Y., Miyazaki, T., and Taniguchi,
T. (1995). Activation of Stat5 by interleukin 2 requires a carboxyl-
terminal region of the interleukin 2 receptor b chain but is not essen-Acknowledgments
tial for the proliferative signal transmission. Proc. Natl. Acad. Sci.
USA 92, 5482±5486.We thank A. S. Zervos for the HA-tagged Nmi construct; R. H. Good-
Gaffen, S.L., Lai, S.Y., Xu, W., Gouilleux, F., Groner, B., Goldsmith,man for CBP constructs; S. Elledge for the EBV transformed B cell
M.A., and Greene, W.C. (1995). Signaling through the interleukin 2cDNA library; J. Yodoi for YT cells; N. Rice for 293T cells; J. O'Shea
receptor b chain activates a STAT-5-like DNA-binding activity. Proc.for NIH3T3abgJak3 cells; A. M. Weissman for anti-Ned4 antiserum;
Natl. Acad. Sci. USA 92, 7192±7196.K. Imada for providing the PBL Northern blot; J.-X. Lin for the
b-casein-luciferase reporter construct; H. Young for the IRF-1-lucif- Gilmour, K., Pine, R., and Reich, N.C. (1995). Interleukin 2 activates
STAT5 transcription factor (mammary gland factor) and specificerase reporter construct; and M. J. Aman, D. Ascherman, J.-X. Lin,
Nmi Augments STAT-Dependent Transcription
129
gene expression in T lymphocytes. Proc. Natl. Acad. Sci. USA 92, IL-2 receptor: evidence for a cell type-specific function of IL-2 recep-
tor b-chain. J. Immunol. 152, 5680±5690.10772±10776.
Miyazaki, T., Kawahara, A., Fujii, H., Nakagawa, Y., Minami, Y., Liu,Gu, W., Shi, X.-L, and Roeder, R.G. (1997). Synergistic activation of
Z.J., Oishi, I., Silvennoinen, O., Witthuhn, B.A., Ihle, J.N., and Tani-transcription by CBP and p53. Nature 387, 819±823.
guchi, T. (1994). Functional activation of Jak1 and Jak3 by selectiveHorvai, A.E., Xu, L., Korzus, E., Brard, G., Kalafus, D., Mullen, T.-M.,
association with IL-2 receptor subunits. Science 266, 1045±1047.Rose, D.W., Rosenfeld, M.G., and Glass, C.K. (1997). Nuclear inte-
Mui, A.L., Wakao, H., O'Farrell, A.M., Harada, N., and Miyajima, A.gration of JAK/STAT and Ras/AP-1 signaling by CBP and p300.
(1995). Interleukin-3, granulocyte-macrophage colony stimulatingProc. Natl. Acad. Sci. USA 94, 1074±1079.
factor and interleukin-5 transduce signals through two STAT5 homo-Horvath, C.M., Stark, G.R., Kerr, I.M., and Darnell, J.E., Jr. (1996).
logues. EMBO J. 14, 1166±1175.Interactions between STAT and non-STAT proteins in the ISGF3
Nakajima, H., Liu, X.W., Wynshaw-Boris, A., Rosenthal, L.A., Imada,complex. Mol. Cell. Biol. 16, 6957±6964.
K., Finbloom, D.S., Hennighausen, L., and Leonard, W.J. (1997a).
Hou, J., Schindler, U., Henzel, W.J., Wong, S.C., and McKnight,
An indirect effect of Stat5a in IL-2-induced proliferation: a critical
S.L. (1995). Identification and purification of human Stat proteins
role for Stat5a in IL-2-mediated IL-2 receptor a chain induction.
activated in response to interleukin-2. Immunity 2, 321±329.
Immunity 7, 691±701.
Ihle, J.N. (1996). STATs: signal transducers and activators of tran- Nakajima, T., Uchida, C., Anderson, S.F., Lee, C.G., Hurwitz, J.,
scription. Cell 84, 331±334. Parvin, J.D., and Montminy, M. (1997b). RNA helicase A mediates
Imada, K., Bloom, E.T., Nakajima, H., Horvath-Arcidiacono, J.A., association of CBP with RNA polymerase II. Cell 90, 1107±1112.
Udy, G.B., Davey, H., and Leonard, W.J. (1998). Stat5b is essential Nielsen, M., Svejgaard, A., Skov, S., and Odum, N. (1994). Interleu-
for natural killer cell-mediated proliferation and cytolytic activity. J. kin-2 induces tyrosine phosphorylation and nuclear translocation of
Exp. Med. 188, 2067±2074. Stat3 in human T lymphocytes. Eur. J. Immunol. 24, 3082±3086.
Janknecht, R., and Hunter, T. (1996). Transcriptional control: versa- Ogryzko, V.V., Schiltz, R.L., Russanova, V., Howard, B.H., and Naka-
tile molecular glue. Curr. Biol. 6, 951±954. tani, Y. (1996). The transcriptional coactivators p300 and CBP are
John, S., Reeves, R.B., Lin, J.-X., Child, R., Leiden, J.M., Thompson, histone acetyltransferases. Cell 87, 953±959.
C.B., and Leonard, W.J. (1995). Regulation of cell-type-specific in- Pfitzner, E., Jahne, R., Wissler, M., Stoecklin, E., and Groner, B.
terleukin-2 receptor a chain gene expression: potential role of physi- (1998). p300/CREB-binding protein enhances the prolactin-medi-
cal interactions between Elf-1, HMG-I(Y), and NF-kB family proteins. ated transcriptional induction through direct interaction with the
Mol. Cell. Biol. 15, 1786±1796. transactivation domain of Stat5, but does not participate in Stat5-
mediated supression of the glucocorticoid response. Mol. Endocrin.John, S., Robbins, C.M., and Leonard, W.J. (1996). An IL-2 response
10, 1582±1593.element in the human IL-2 receptor a chain promoter is a composite
element that binds Stat5, Elf-1, HMG-I(Y) and a GATA family protein. Russell, S.M., Johnston, J.A., Noguchi, M., Kawamura, M., Bacon,
EMBO J. 15, 5627±5635. C.M., Friedmann, M., Berg, M., McVicar, D.W., Witthuhn, B.A., Sil-
vennoinen, O., et al. (1994). Interaction of IL-2R b and gc chainsJohn, S., Vinkemeier, U., Soldaini, E., Darnell, J.E., Jr., and Leonard,
with Jak1 and Jak3: implications for XSCID and XCID. Science 266,W.J. (1999). The significance of tetramerization in promoter recruit-
1042±1045.ment by Stat5. Mol. Cell. Biol., in press.
Schaefer, T.S., Sanders, L.K., and Nathans, D. (1995). CooperativeLecine, P., Algarte, M., Rameil, P., Beadling, C., Bucher, P., Nabholz,
transcriptional activity of Jun and Stat3b, a short form of Stat3.M., and Imbert, J. (1996). Elf-1 and Stat5 bind to a critical element
Proc. Natl. Acad. Sci. USA 92, 9097±9101.in a new enhancer of the human interleukin-2 receptor a gene. Mol.
Sims, S.H., Cha, Y., Romine, M.F., Gao, P.-Q., Gottlieb, K., andCell. Biol. 16, 6829±6840.
Deisseroth, A.B. (1993). A novel interferon-inducible domain: struc-Leonard, W.J., and O'Shea, J.J. (1998). Jaks and STATs: biological
tural and functional analysis of the human interferon regulatory fac-implications. Annu. Rev. Immunol. 16, 293±322.
tor 1 gene promoter. Mol. Cell. Biol. 13, 690±702.
Lill, N.L., Grossman, S.R., Ginsberg, D., DeCaprio, J., and Livingston,
Sperisen, P., Wang, S.M., Soldaini, E., Pla, M., Rusterholz, C.,D.M. (1997). Binding and modulation of p53 by p300/CBP coactiva-
Bucher, P., Corthesy, P., Reichenbach, P., and Nabholz, M. (1995).tors. Nature 387, 823±827.
Mouse interleukin-2 receptor a gene expression: interleukin-1 and
Lin, J.-X., and Leonard, W.J. (1997). Signaling from the IL-2 receptor interleukin-2 control transcription via distinct cis-acting elements.
to the nucleus. Cyt. Growth Factor Rev. 8, 313±332. J. Biol. Chem. 270, 10743±10753.
Lin J.-X., Migone, T.S., Tsang, M., Friedmann, M., Weatherbee, J.A., Stocklin, E., Wissler, M., Gouilleux, F., and Groner, B. (1996). Func-
Zhou, L., Yamauchi, A., Bloom, E.T., Mietz, J., John, S., and Leonard, tional interactions between Stat5 and the glucocorticoid receptor.
W.J. (1995). The role of shared receptor motifs and common Stat Nature 383, 726±728.
proteins in the generation of cytokine pleiotropy and redundancy
Taniguchi, T. (1995). Cytokine signaling through nonreceptor proteinby IL-2, IL-4, IL-7, IL-13, and IL-15. Immunity 2, 331±339.
tyrosine kinases. Science 268, 251±255.
Lin, J.-X., Mietz, J., Modi, W.S., John, S., and Leonard, W.J. (1996).
Teglund, S., McKay, C., Shuetz, E., van Duersen, J.M., Stravopodis,Cloning of human Stat5B. Reconstitution of interleukin-2-induced
D., Wang, D., Brown, M., Bodner, S., Grosveld, G., and Ihle, J.N.
Stat5A and Stat5B DNA binding activity in COS-7 cells. J. Biol.
(1998). Stat5a and Stat5b proteins have essential and nonessential,
Chem. 271, 10738±10744.
or redundant, roles in cytokine responses. Cell 93, 841±850.
Liu, X., Robinson, G.W., Wagner, K.-U., Garrett, L., Wynshaw-Boris,
Udy, G.B., Towers, R.P., Snell, R.G., Wilkins, R.J., Park, S.-H., Ram,
A., and Hennighausen, L. (1997). Stat5a is mandatory for adult mam-
P.A., Waxman, D.J., and Davey, H.W. (1997). Requirement of STAT5b
mary gland development and lactogenesis. Genes Dev. 11, 179±186.
for sexual dimorphism of body growth rates and liver gene expres-
Liu, B., Liao, J., Rao, X., Kushner, S.A., Chung, C.D., Chang, D.D., sion. Proc. Natl. Acad. Sci. USA 94, 7239±7244.
and Shuai, K. (1998). Inhibition of Stat1-mediated gene activation Vinkemeier, U., Cohen, S.L., Moarefi, I., Chait, B.T., Kuriyan, J., and
by PIAS1. Proc. Natl. Acad. Sci. USA 95, 10626±10631. Darnell, J.E., Jr. (1996). DNA binding of in vitro activated Stat1a,
Look, D.C., Pelletier, M.R., Tidwell, R.M., Roswit, W.T., and Holtz- Stat1b and truncated Stat1: interaction between NH2-terminal do-
man, M.J. (1995). Stat1 depends on transcriptional synergy with mains stabilizes binding of two dimers to tandem DNA sites. EMBO
Sp1. J. Biol. Chem. 270, 30264±30267. J. 15, 5616±5626.
Martinez-Moczygemba, M., Gutch, M.J., French, D.L., and Reich, Vinkemeier, U., Moarefi, I., Darnell, J.E., Jr, and Kuriyan, J. (1998).
N.C. (1997). Distinct STAT structure promotes interaction of STAT2 Structure of the amino-terminal protein interaction domain of
with the p48 subunit of the interferon-a-stimulated transcription STAT-4. Science 279, 1048±1052.
factor ISGF3. J. Biol. Chem. 272, 20070±20076. Wen, Z., Zhong, Z., and Darnell, J.E., Jr. (1995). Maximal activation
Minami, Y., Oishi, I., Liu, Z.J., Nakagawa, S., Miyazaki, T., and Tani- of transcription by Stat1 and Stat3 requires both tyrosine and serine
phosphorylation. Cell 82, 241±250.guchi, T. (1994). Signal transduction mediated by the reconstituted
Cell
130
Xu, X., Sun, Y.L., and Hoey, T. (1996). Cooperative DNA binding
and sequence-selective recognition conferred by the STAT amino-
terminal domain. Science 273, 794±797.
Yao, T.-P, Oh, S.P., Fuchs, M., Zhou, N.-D., Ch'ng, L-E, Newsome,
D., Bronson, R.T., Li, E., Livingston, D.M., and Eckner, R. (1998).
Gene dosage-dependent embryonic development and proliferation
defects in mice lacking the transcriptional integrator p300. Cell 93,
361±372.
Zhang, X., Blenis, J., Li, H.C., Schindler, C., and Chen-Kiang, S.
(1995). Requirement of serine phosphorylation for formation of
STAT-promoter complexes. Science 267, 1990±1994.
Zhang, J.J., Vinkemeier, U., Gu, W., Chakravarti, D., Horvath, C.M.,
and Darnell, J.E., Jr. (1996). Two contact regions between Stat1 and
CBP/p300 in interferon gamma signaling. Proc. Natl. Acad. Sci. USA
93, 15092±15096.
Zhu, M., Berry, J.A., Russell, S.M., and Leonard, W.J. (1998). Delinea-
tion of the regions of interleukin-2 (IL-2) receptor b chain important
for association of Jak1 and Jak3. J. Biol. Chem. 273, 10719±10725.
Note Added in Proof
After this paper went to press, we became aware of a recent report
(Lebrun, W.J., Shpall, R.L., and Naumovski, L. [1998]. Interferon-
induced upregulation and cytoplasmic localization of Myc-inter-
acting protein Nmi. J. Interferon Cytokine Res. 18, 767±771) showing
that IFNa augments the amount of Nmi found in the nuclear pellet
of Jurkat cells after cell fractionation; however, immunofluorescence
microscopy suggested that Nmi remains extranuclear. The authors
speculated that Nmi may retain putative binding proteins in the
cytosol or instead that Nmi might interact with factors in the cytosol,
with the complex then being translocated to the nucleus. Further
work is needed to understand the mechanism of action of Nmi.
